The autoradiographic method, as generally used today, allows one to trace the course and termination of the longer pathways arising from a circumscribed group of neuronal cell bodies that are exposed to tritium (3H)-labeled amino acids. The historical development, physiological basis, and technical foundations of the method have been reviewed exhaustively in the recent past (Cowan and Cuenod, 1975; Graybiel, 1975; Hendrickson and Edwards, 1978; Jones and Hartman, 1978) and need not be reiterated here. Instead, the purpose of the present article is to consider some of the major problems associated with establishing the relationship between the patterns of silver grains observed in autoradiograms and the actual morphology of labeled pathways in adult material. It will also be emphasized that a variety of problems which arise in the interpretation of autoradiographic experiments can often be approached by considering morphological controls within the histological material itself.
To appreciate the advantages and limitations of the method it is convenient to begin with a brief consideration of the techniques that were in use before its introduction, and the principles upon which it is based. Neuroanatomists would 'Presented in part at the AUTORADIOGRAPHY WORKSHOP on April 11, 1980 , as part of the program at the annual meeting of the Histochemical Society, held in New Orleans, Louisiana, April 11-15, 1980. 2 The experimental work described here was supported, in part, by grant No. NS-13267 from the National Institutes of Health, and by a grant from the Sloan Foundation. eventually like to establish the origin, course, and site of termination of each pathway in the central nervous system. The problem in its simplest form is shown diagramaticalIy in Figure 1 , where a chain of three synaptically related neurons is illustrated. Until about 10 years ago the most commonly used experimental methods for tracing longer pathways relied on the detection of pathological changes in damaged neurons. For example, the anterograde (or Wallerian) axonal degeneration induced by the destruction of an intracerebral cell group (cell 2; Figure IA ) could be stained selectively by the Nauta method or one of its varients (Heimer, 1970; Giolli and Karamanlidis, 1978) . The interpretation of such experiments is, however, confounded by "false positive" results, due mainly to two factors. First, fibers that arise elsewhere but pass through the lesion site (cell 1; Figure 1B ) also undergo anterograde degeneration. And second, the proximal part of interrupted fibers and their collaterals can, in some circumstances, undergo "indirect" Wallerian degeneration (cell 1; Figure 1B ) that may be difficult to distinguish from direct anterograde degeneration (Beresfort, 1965) . In addition, the method is somewhat capricious, and often fails to stain fine axons.
The origin of a pathway can sometimes be identified by observing retrograde (chromatolytic) changes in cell bodies following the interruption of their axons (cell 1; Figure 1B ). This method has been used to great advantage, especially in young animals, but has been ineffective in many systems with highly collateralized axons (see Discussion in Fry and Cowan (1972) Figure 1 . Schematic diagram of two simple circuits in the central nervous system to show the degenerative effects that occur after a lesion (stipple). In (A), cell body 2 has been destroyed and its axon has undergone anterograde degeneration (dashed line). In (B), cell 2, and the axon of cell 1 have been destroyed; the axon of cell 2 and the distal part of the axon of cell 1 have undergone anterograde degeneration. If cell I has few or no axon collaterals it may also undergo retrograde cell degeneration (chromatolysis), with the proximal part of the axon undergoing subsequent indirect anterograde degeneration. Possible anterograde and retrograde transneuronal changes are not shown.
It is also important, when tracing central pathways experimentally, to consider the possibility that transneuronal effects have taken place in either the anterograde or the retrograde direction. Such effects have been documented clearly in several sensory systems, and in the limbic system (Cowan, 1970) , where each link in the circuit is particularly massive, and is "closed" in the sense that the relevant cell groups have few, if any, other inputs.
These methods have largely been replaced by a class of techniques that rely on the detection of an intra-axonally transported marker. It has been found empirically that, except under the extreme conditions discussed below, the autoradiographic method provides a sensitive and reliable means for tracing the efferent projections of central cell groups without involving fibers-of-passage . These features, combined with the fact that the cell group of interest is not destroyed by a lesion, but can be analyzed in Nissl-stained sections, constitute the major advantages of the method, and are responsible for its widespread use. Transported macromolecules that have incorporated labeled precursor constitute the intra-axonal marker in the autoradiographic method. Since essentially all of the macromolecules utilized by axons are synthesized in the cell body, axons passing through an injection site are not labeled because they lack the necessary synthetic machinery. While it is true that free amino acids may enter axons, they are washed out during subsequent histological processing, unless glutaraldehyde is used as a fixative (Peters and Ashley, 1967) . It is also possible that a small amount of free amino acids taken up by axons or terminals is transported, or diffuses, in a retrograde direction to the cell body, where it would be incorporated into macromolecules. In practice, however, the evidence shows that the autoradiographic method, as now used, is generally not sensitive enough to detect this . As a note of warning, it should be mentioned that in one experiment, in which a large injection of amino acids was placed in the spinal cord, retrogradely labeled neurons were reported in the red nucleus and in the cerebral cortex (Kiinzle, 1977) . It is also important to consider whether the method demonstrates a single pathway, or whether it is possible that labeled material leaves terminals and gains access to secondary (transneuronal) pathways. This possibility has been tested in a variety of sites (see Cowan et al. (1972) and below), and has been demonstrated convincingly in the visual system when very large doses of labeled amino acids and/or fucose are injected into the eye, and when relatively long survival times are used (Grafstein and Laureno, 1973; Wiesel et al., 1974; Kaas, et al., 1976) .
Analyzing an Experiment
The analysis of an autoradiographic experiment can be divided into two basic phases: 1) the evaluation of an injection site, and 2) the plotting and interpretation of the pattern of silver grains outside the injection site. In the following discussion it is assumed that the investigator has had the good fortune to obtain autoradiograms with acceptably low levels of artifactual labeling (Hendrickson and Edwards, 1978) .
The Injection Site
It is obvious on physicochemical grounds alone that the actual size of an injection site is proportional to the volume of solution injected and to the concentration of labeled precursor in the solution. The apparent size also depends on variables in the development of the autoradiograms, which should be standardized, and on the postinjection survival time. Short survival times (2-4 days in the rat) are used to take advantage of the rapid phase of axoplasmic transport, which tends to label terminal fields more heavily than fiber pathways (e.g., Cowan et al. (1972) ; Hendrickson (1972) ), although it should be stressed that in general pathways are clearly, if lightly, labeled. On the other hand, fiber tracts have been visualized more clearly by using longer survival times, which take advantage of the axonal labeling associated with the slower phases of axoplasmic transport. This procedure should be used with caution because, as noted above, leakage of label from terminals and transneuronal labeling have been described in the visual system at long survival times, and because the size of an injection site decreases with increasing survival time. This shrinkage has been quantified in a series of experiments, the results of which are summarized in Figure 2 . In these experiments, single injections of a mixture of equal parts of 3 Hproline and 3H-leucine were placed in the dorsal hippocampus of a series of rats that were allowed to survive for periods that ranged from 1 to 28 days. The results show that the maximum diameter of an injection site remains relatively constant for up to about 7 days. By 14 days, however, the diameter is only about 30% of that seen during the first week, and by I month, the injection site is barely detectable. This shrinkage is no doubt due to the continual axonal transport of labeled macromolecules and to the metabolism of labeled macromolecules in cells within the injection site.
These results raise an issue that is conceptually more important than the overall size of an injection, namely, what is the effective part of an injection site that results in labeling a pathway? As pointed out by Jones and Hartman (1978) , an injection site can be divided into three concentric regions ( Figure 5A ): 1) a zone of necrosis adjacent to the injection needle or pipette, 2) a dense central zone in which the labeling over cell bodies is greater than that over the neuropil, and 3) a peripheral zone of diffusion in which silver grains are approximately equally distributed over cells and over neuropil; the labeling in this zone gradually decreases to background levels at some distance from the center of the injection. It has Figure 2 . A histogram showing the relationship between the maximum diameter of an injection site in the dorsal hippocampus of the rat and the postinjection survival time. All injections were made identically with a 1 Al Hamilton microsyringe (20 p.Ci/µl of equal parts of 3H-proline and 'H-leucine; 20 nl over 15 min) and the autoradiograms were prepared in the same way at the same time (2 week exposure; see Swanson and Cowan (1977) for technical details). For each survival time, the mean diameter (± the standard error of the mean) of the injection site is shown along with the number of injection sites measured. The injection site was considered to include the region in which the density of silver grains was greater over cell bodies than over the surrounding neuropil. 
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often been assumed that pathways arising within the central zone of heavy cell labeling are effectively labeled (see Jones and Hartman (1978) ). While this may be true to a first approximation, there are several factors that may make this assumption invalid. First, it may be difficult to establish unequivocally a boundary between the heavily labeled zone and the surrounding zone of diffusion, and different investigators may use different criteria to distinguish between the two. Second, the size of the heavily labeled zone in a particular autoradiogram depends on the postinjection survival time, on the exposure time of the autoradiograms, and on variables in the photographic developing procedure. And third, one pathway may require less isotope than another to be labeled effectively. As discussed in more detail in the next section, in a single experiment the size of the effective injection site may be different for each subpopulation of neurons in the overall injection site. This may be due to a variety of factors such as the length and degree of branching of a pathway, and the relative ability of a particular cell type to take up the injected precursor and incorporate it into transportable macromolecules. As an extreme example of the latter, it has been shown that different amino acids preferentially label different cell populations in several sites in the myelencephalon (Kunzle and Cuenod, 1973; Felix and Kunzle, 1974; Berkley, 1975) . It is thus necessary to consider the possibility that certain pathways are not labeled in an autoradiographic experiment because precursor is not taken up by particular cell type or because the precursor (in particular proline) is used as a neurotransmitter; it should not be forgotten, however, that an examination of the injection site will quickly reveal whether all cell types are labeled, and in practice all pathways can be labeled by the injection of mixtures of several 3 Hamino acids (which include 3 H-leucine). It is clear that a determination of the effective size of an injection site is a complex problem, which cannot always be solved. There are, however, two complementary ways of estimating the density of labeling in an injection site that is necessary to demonstrate a particular pathway. Both approaches require reliable previous knowledge about the pathway, and are thus less than fully satisfactory. Of course these anatomical control procedures must be carried out in material that is standardized with respect to labeled precursor, postinjection survival time, and histological processing.
The first approach involves the analysis of control injections that are centered in adjacent, cytoarchitectonically distinct cell groups that do not project to the same region as the cell group of interest. A variety of such injections that spread into the cell group of interest can be used to determine the minimum density of silver grains over cells that is necessary to label a pathway. We have used this procedure whenever possible in our studies of the limbic system (Swanson and Cowan, 1975a, b, 1977; Swanson et al., 1978; Swanson and Cowan, 1979) and hypothalamus (Saper et al., 1976; Swanson, 1976; Saper et al., 1978 Saper et al., , 1979 . A particularly illustrative example is shown diagrammatically in Figure 3 . Cortical fields CA3 and CA, of the hippocampus are cytoarchitectonically distinct; individual pyramidal cells are larger, and the pyramidal cell layer is thicker in field CA 3 . In addition, the longer projections of the two fields are quite different. For example, field CA3 projects bilaterally to the lateral septal nuclei, and to the hippocampus of the other side, while field CA, projects to the ipsilateral lateral septal nucleus, and does not send a significant number of fibers to the hippocampus of the opposite side. This pattern of connections was established in a large number of experiments in which the peripheral limits of the injection sites were clearly some distance away from the border between the two fields. By examining a series of injections centered in field CA,, but progressively approaching and then overlapping into field CA 3 , it was possible to determine that when the density of silver grains over cell bodies in field CA 3 was greater than that over the surrounding neuropil, bilateral rather than ipsilateral labeling was observed in the septal region, as was a pathway to the contralateral hippocampus. It is tempting to generalize this result to other cell groups, but a further example from the hippocampal formation at the same level shows that this is not always permissible. As shown in Figure 3 , the efferent projection of the granule cell layer of the dentate gyrus is quite simple; it innervates pyramidal cells in the adjacent fields CA 3 and CA4 by way of the mossy fiber system. In fact, in our experience it was clear that mossy fibers were labeled in experiments where the granule cell layer was not included in the effective injection site as defined by the criterion discussed above for field CA3. That is, the effective injection site for granule cells is larger than that for pyramidal cells in the same experiment. The explanation for this is not certain, but it is reasonable to suggest that, since mossy fibers are quite short, in general less than 2 mm, and have relatively huge varicosities scattered along their length, they require less total labeled precursor incorporation to be visualized. It is obvious that to determine the projections of adjacent regions as distinct as fields CA3 and CA 1 is a relatively straightforward exercise. The problem is much more difficult in regions such as the hypothalamus and the reticular formation, where the borders between cell groups are often unclear, and where cells that project to the same terminal field may be scattered among adjacent groups. In such cases the subtractive method of analyzing control injections can be misleading (Figure 4) .
A second approach involves identifying the cells of origin of a pathway with a retrograde transport method, and then tracing the pathway with the anterograde autoradiographic method. The complementary use of both techniques should be the method of choice for defining any long pathway in the central nervous system (CNS), since each technique has advantages and disadvantages. While defining the effective limits of an injection site is the major disadvantage of the autoradiographic method in this context, the major disadvantage of retrograde transport methods is that fibers-of-passage may be labeled (e.g., Herkenham and Nauta (1977) ). Thus, it can not be concluded, without independent evidence, that retrogradely labeled cells actually terminate within the injection site. Furthermore, while it may be possible to trace axons from a horseradish peroxidase (HRP) injection site to the region of retrogradely labeled cells, the results may be confounded by the anterograde labeling of fibers from, or passing through, the injection site (see Amaral and Cowan (1980) ). Unfortunately, retrogradely transported fluorescent dyes, some of which are more sensitive than HRP (Swanson and SEPTAL REGION Figure 3 . Diagram illustrating one system in which it is relatively easy to demonstrate the effective limits of an injection in an autoradiographic experiment, since two adjacent cell groups (fields CA I and CA 3 in the hippocampus) have quite distinct efferent projections. Injections that label only field CA S label only a pathway to the septal region on the same side; injections that effectively cross the border between the two fields (arrow) label fibers in the septal region on both sides, and in the hippocampal formation of the opposite side. Injections in field CA, may also label mossy fibers arising from the granule cell layer of the dentate gyrus (DG). This projection requires less dense cell labeling than those arising from fields CA I and CA3. Kuypers, 1980; Sawchenko and Swanson, in preparation) , label axons poorly, if at all Kuypers et al., 1979) .
Tracing Efferent Projections
In one sense this is a straightforward exercise. Starting at the level of the injection site, the distribution of silver grains is systematically plotted on projection drawings of sections both rostral and caudal to the labeled cell group. If care is taken to disregard artifactual labeling (Graybiel, 1975; Hendrickson and Edwards, 1978) , the results can be reconstructed conceptually, as shown in the top half of Figure 5 . It is reasonable to conclude from the pattern of transported label in this figure that the injected cell group projects to two terminal fields (areas 3 and 6), since a) the two regions are densely labeled, b) the labeling is most probably restricted to cytoarchitectonically distinct regions, c) more lightly labeled fiber tracts (areas 1, 2, and 5) can be traced from the injection site to the two regions, and d) label cannot be traced beyond the two regions. In my experience, quantitative silver grain counts almost always clarify the distribution of label in terminal fields.
The ability of the autoradiographic method unequivocally to show such projections without involving fibers passing through the injection site is its unique contribution to neuroanatomy. However, its major limitation is also graphically illustrated in Figure 5 . Namely, one is forced to infer the morphology and organization of the efferent projections from a pattern of silver grains on the surface of the sections. This is particularly frustrating if single axons of the pathway have been observed with the Golgi, or with immunohistochemical, methods, which reveal a wealth of morphological detail. It is sometimes possible in autoradiographic material to observe rows of silver grains (area 1; Figure 5 ) that no doubt indicate the location of labeled axons, or bundles of labeled axons. It is almost never possible, however, to determine whether single axons branch to innervate two terminal fields (cell B; Figure  5 ), or whether separate cells project to each.
The presence of short axon collaterals along the course of a pathway may also be difficult to detect with the autoradiographic method (see the axons of cells B and C in area 1; Figure  5 ). It is also possible that axons may end at various levels along the course of a pathway (cell C and area 5; Figure 5 ). A gradual decrease in the density of silver grains over a pathway suggests that this is occurring. These problems are particularly acute in complex fiber tracts, such as the medial forebrain bundle, that pass through cellular regions.
Cell A in Figure 5 presents several additional features that the autoradiographic method does not deal with adequately. This cell has a varicose axon that may establish synapses en passage (areas 1, 2 and 4; Figure 5 ), or may release transmitter from varicosities that do not establish conventional synaptic contacts.
From this discussion it should be apparent that the location of synaptic contacts in autoradiographic material can only be established with certainty at the ultrastructural level. In some situations, such as in areas 3 and 6 ( Figure 5 ), the approximate CELL GROUP A N CELL GROUP B Figure 4 . Two adjacent hypothetical cell groups with different, although partially overlapping, patterns of efferent projections. An injection in cell group "A" (stipple) labels terminal fields I and 2. If the projections of this cell group are unknown, it is reasonable to ask whether the projection arises from cell group "A" or from the part of the injection site that may involve cell group "B". Since cell group "B" can easily be shown to project to area 1, "control" injections in area "B" cannot resolve this problem. location of terminal fields can be inferred with a high degree of probability. Even in a particular terminal field, however, individual silver grains may be over either preterminal parts of the axon or over terminals, and it is not clear whether specific subpopulations of neurons are innervated, or even if the dendrites of cell bodies that lie outside the terminal field are innervated (see Kishi et al. (1980) ).
Although the autoradiographic method appears in many cases to be more sensitive than the experimental silver methods, it is now clear that it too may fail to reveal pathways that have been shown unequivocally by other methods (area 4; Figure 5 ). For example, it has been difficult to label the spinothalamic tract in the cat and monkey (E.G. Jones, personal communication) . Similarly, projections from the lateral hypothalamic area to the hippocampus (Wyss et al., 1979) and to the spinal cord (Kuypers and Maisky, 1975) , demonstrated by the HRP method, have not been shown autoradiographically (Troiano and Siegel, 1975; Saper et al., 1979) . These results suggest that the autoradiographic method is not wellsuited to show pathways that arise from widely scattered cell populations, or that project diffusely rather than through a compact fiber bundle; in the latter situation silver grains over scattered fibers may be difficult to distinguish from background levels of labeling. The possibility should also be raised that the distal part of fibers passing through the zone of necrosis (cell E; Figure 5 ) will not be labeled, nor will the axons of damaged cells in this region. As pointed out by Gottlieb and Cowan (1973) , the zone of necrosis can be surprisingly large, and can have correspondingly severe effects on the pattern of labeled projections, if a major blood vessel is interrupted by the injection needle.
For the sake of completeness, it should be mentioned that the autoradiographic method is not suited to show the shorter projections of a cell group (cell D; Figure 5 ) within the zone of diffusion of the injection site. Asymmetries in the shape of the injection site (see Figure 5 ) should be interpreted with Figure 5 . Two drawings to show some of the problems involved in interpreting the results of an autoradiographic experiment. Part (A) shows an injection site, and the reconstructed pattern of silver grains seen in serial autoradiograms from the brain. Part (B) shows one possible configuration of neurons and their axonal processes that could give rise to this pattern of labeling. The numbers refer to different parts of the pathways, and the letters to different cells; their significance is discussed in the text. B F 122 SWANSON A caution, since diffusion of injected precursor is influenced by differences in tissue density due mainly to the presence of fiber tracts, and because the initial part of a projection will presumably be heavily labeled by the slower phases of axonal transport ( Figure 5A ). It is also worth pointing out that the shape of small injection sites can be markedly influenced by the configuration of the tip of the injection needle ( Figure 5 ). Advantage can often be taken of this fact when small cell groups are to be injected.
Other Controls
As mentioned above, the possibility must be considered that transneuronal and retrograde transport of label has occurred. If it has, labeled cell bodies will be found outside of the injection site (Wiesel et al., 1974; Kunzle, 1977) . No evidence for transneuronal labeling was found in the experiments summarized in Figure 2 , even at survival times as long as 28 days. Since the only substantial subcortical projections of Ammon's horn are to the septal region (Swanson and Cowan, 1977) , and since the septal region in turn projects massively to the mammillary body and to the habenula , if transneuronal labeling had taken place, terminal fields should have been detected in the latter.
Discussion
The autoradiographic method, like any other technique, has strengths and weaknesses. Its major advantage is that it is the only available technique that demonstrates the efferent projections of a cell group in the central nervous system, without involving fibers-of-passage. The contribution of the method to neuroanatomy cannot be overstated. For example, it was easy to show, shortly after the method was introduced, that the long held view that fornix system inputs to the diencephalon arise in the hippocampus is incorrect (Swanson and Cowan, 1975b) ; the pathway in fact originates in the subicular complex and ascends through Ammon's horn on its way to the mammillary body and to the anterior thalamic nuclei.
The concurrent development of other neuroanatomical methods based on the retrograde transport of a variety of markers and on the immunohistochemical localization of specific antigens has placed the limitations of the autoradiographic method in sharper focus. The two major problems, as outlined above, are that 1) it is sometimes difficult, if not impossible, to define the effective limits of an injection site; and 2) the morphology of fiber systems must be inferred from a pattern of silver grains over the tissue sections. This is quite unlike the analysis of silver degeneration material, where axons themselves are observed as they course through the tissue.
Since all cell types are labeled in a typical injection site, it is usually not possible to determine the projections of subpopulations of cells, which may be quite different. Several approaches to this problem are now available. Perhaps the most elegant is based on the intracellular injection of HRP (e.g., Kitai and Kocsis (1978) ). This method is particularly powerful because inputs to the injected cell can be defined electrophysiologically, and because the axon, along with its collaterals, can be traced in isolation through the CNS. A different approach involves determining whether single cells send divergent axon collaterals to different terminal fields by multiple labeling with different retrogradely transported fluorescent dyes (e.g., Van der Kooy et al., (1978) , Swanson and Kuypers, (1980) ). In fact, it is becoming increasingly clear that the major advantage of retrograde transport methods lies in their ability to identify the distribution and morphology of subpopulations of neurons within a cytoarchitectonically defined area.
The autoradiographic method under discussion here does not provide information about the biochemical specificity of labeled pathways. For example, it was shown autoradiographically that the paraventricular nucleus of the hypothalamus projects directly to the dorsal vagal complex (Conrad and Pfaff, 1976) . This finding immediately raised two questions: 1) do individual cells project both to the pituitary and to the medulla, and 2) do oxytocin-and/or vasopressin-containing cells in the nucleus project to the medulla? The answer to the first question appears to be no, based on fluorescent dye double-labeling methods (Swanson and Kuypers, 1980) . Indirect support for the suggestion that oxytocin-containing fibers descend from the paraventricular nucleus to the medulla was obtained from immunohistochemical material stained with antisera to neurophysin, oxytocin, and vasopressin (Swanson, 1977) . It is now known that the paraventricular nucleus also contains neurons that cross-react with antisera to somatostatin (Dierickx and Vandersande, 1979) and enkephalin (Rossier et al., 1979) . It will be necessary to combine retrograde transport and immunohistochemical methods in the same section (Hokfelt et al., 1979) to obtain direct evidence that a specific group of, for example, peptidergic neurons in the paraventricular nucleus projects to the medulla.
It is unnecessary to dwell further on other inadequacies of the autoradiographic method described above. The conclusion that I hope emerges clearly from the arguments presented here is that in order to understand fully the morphology of a pathway in the CNS, one must use a variety of methods based on axoplasmic transport, immunohistochemistry and electron microscopy.
